Helix stapling enhances the activity of peptides that interact with a target protein in a helical conformation. These staples are also supposed to change the pharmacokinetics of the molecules and promote cytoplasmic targeting. We assessed the extent to which the pharmacokinetic characteristics are a function of the staple for a peptide inhibiting the interaction of p53 with the human double minute 2 (Hdm2) protein and differ from those of the standard cationic cell-penetrating peptide nona-arginine.
Introduction
Helices play a prominent role as a recognition element in protein-protein interactions (PPI) and thus are important targets for the development of PPI inhibitors (Azzarito et al., 2013) . A peptide with this stabilized secondary structure motif represents the most logical competitive inhibitor of such an interaction. Usually, outside the native protein context, the helix-forming propensity is considerably reduced, increasing the entropic cost for target binding. Several modes of helix stabilization have been described (Vorherr, 2015) . The so-called 'stapling' has been most successful to conformationally stabilize an α-helix (Walensky and Bird, 2014) . In this case, amino acid side chains that extend out of the same face of the helix are covalently linked via olefin metathesis. In comparison with their nonclamped linear counterparts, stapled peptides were reported to show a greatly increased helical conformation and target binding. Therefore, the stapled helical peptides hold promise as therapeutic agents, especially for the efficient disruption of PPIs, for example, in the induction of apoptosis in a variety of oncogenic pathways (Walensky et al., 2004; Chang et al., 2013) . The inhibition of the p53/human double minute 2 (Hdm2) interaction is of particular interest in this context, and a variety of studies on different variants of stapled peptides have been published (Walensky et al., 2004; Chang et al., 2013) . Remarkably, despite their size, these stapled peptides have been shown to enter cells and reach their targets in the cytosol (Muppidi et al., 2014; Chu et al., 2015; Edwards et al., 2015) . These properties have been linked to the constrained helical character of the peptides (Kim and Verdine, 2009) .
Typically, efficient cellular entry is restricted to polycationic peptides, which are also referred to as cellpenetrating peptides (CPPs) (Milletti, 2012; Copolovici et al., 2014) . CPPs enter either by directly crossing the plasma membrane or by inducing endocytosis, which requires subsequent endosomal release for cytosolic targeting. The mode of uptake depends on the CPP, the cargo, the cell type and the concentration of the CPP (Tunnemann et al., 2006; Kosuge et al., 2008; Brock, 2014) . It has been acknowledged that endosomal sequestration is a major bottleneck in the application of CPPs, because of both spatial confinement and hydrolytic degradation (Wadia et al., 2004; El-Andaloussi et al., 2011) .
Interestingly, in spite of their capacity to reach cytosolic targets, reports so far indicate that stapled peptides are also taken up by endocytosis and then reach the cytosol only slowly (Walensky et al., 2004; Kim and Verdine, 2009) . Therefore, the cellular uptake routes of stapled peptides and CPPs share some characteristics, in spite of their different structure. Remarkably, so far, a direct comparison of the uptake and intracellular routing of cationic CPPs and stapled peptides is missing. Without such a direct comparison, it is impossible to place the efficiency of uptake of stapled peptides into context and fully rationalize the biological activity of stapled peptides. To resolve this deficit, we compared the cellular uptake of a short and long version of an Hdm2-targeted cis-stapled peptide (Brown et al., 2013; Chang et al., 2013) , their linear counterparts and nona-arginine (R9) in HeLa, HEK293 and SJSA-1 cells. In addition, we used selected peptides to perform high-content imaging to quantify the dependence of localization on the induction of downstream targets following the release of p53 from Hdm2.
Methods

Peptide synthesis
Peptides were prepared by automated synthesis, using a Biotage microwave peptide synthesizer (Initiator+ Alstra; Biotage, Sweden). The Rink-MBHA-polystyrene resin was used for stapling on the solid support. For stapling in solution, the fully protected peptide was cleaved from a trityl linker using 1,1,1,3,3,3-hexafluoro-2-propanol. Peptide synthesis was performed using 2.4 eq Xaa/coupling. Each building block was pre-dissolved in 1-methyl-2-pyrrolidinone (NMP) as a mixture with Oxyma-Pure, both 0.2 M and stable in solution at room temperature. Standard coupling (microwave) was performed for 4.5 min at 75°C using N,N,N 0 ,N 0 -tetramethyl-O-(6-chloro-1H-benzotriazole-1-yl)uronium hexafluorophosphate / N,Ndiisopropylethylamine (HCTU/DIPEA). R8 + S5 were coupled with 2 × 1.2 eq. For the first coupling reaction, HCTU/DIPEA + 1 volume NMP (6-8 min at 75°C) was employed, while the second coupling was carried out following activation with N-[(dimethylamino)-1H-1,2,3-triazolo-[4,5-b]pyridine-1-ylmethylene]-N-methylmethanaminium hexafluorophosphate N-oxide (HATU)/DIPEA (10 min 65°C) (mixed mode). The Xaa after S5 was attached using a double-coupling procedure (2 × 2.4 eq mixed mode), and the Xaa after R8 was incorporated using triple coupling (2 × 2.4 eq mixed mode + 1× 2.4 eq Xaa + 5 eq N,N 0 -diisopropylcarbodiimide (DIC), 20 min 50°C).
Cyclization on the resin
The well-dried shrunken resin was suspended in a solution of dry 1,2-dichloroethane (DCE) (15× the weight of the resin) containing 15 mol % = 0.15 eq of Grubbs-I catalyst (purple solution). The Grubbs solution was prepared fresh for every addition. The Grubbs-I solution was directly added to the resin without pre-swelling. The purple-brown suspension was shaken at 50°C under a constant stream of dry argon. Samples were taken after 15-30 min to perform test cleavages as a check for completion of the reaction by ultrafast LC (UPLC) retention time. More Grubbs-I solution (freshly prepared) was added in 0.05 eq steps, if the reaction was not complete. If more than~0.5 eq Grubbs-I were added, many side reactions were usually visible.
Cyclization in solution
The fully protected dry peptide was dissolved~10% (w/v) in N,N-dimethylacetamide (DMA) and diluted with DCE (dry and degassed with argon) to a peptide concentration of 1%. At this point, a sample was taken to follow the reaction by UPLC. The peptide solution was warmed to 50°C under shaking and bubbling with argon. Three portions of Grubbs-I catalyst were weighed out (0.15 eq in total). The first portion was dissolved~1% (w/v) in DCE (dry and degassed with argon). Half of the first catalyst solution (0.025 eq) was applied to the warm peptide solution, followed by addition BJP R Wallbrecher et al.
of the remaining portion after 3 min. During the next 3 min, the second Grubbs-I sample was dissolved, and again, 2 × 0.025 eq was added in a similar fashion. Usually, the third portion of Grubbs catalyst was dissolved after analysis and applied in a similar fashion, resulting in a total of six additions. The reaction product was purified immediately or stored in the freezer.
Synthesis of fluorescein-labelled stapled peptides
Following removal of the N-terminal Fmoc group, carboxyfluorescein (CF) was coupled to the N-terminus of the fully protected stapled peptide and the standard downstream protocols were applied.
Cleavage and purification
Side chain-protected (resin-bound) peptide was deprotected (and cleaved off the resin) using a mixture of TFA : 
Biochemical peptide binding assay
Binding was determined with a time-resolved FRET (TR-FRET) competition assay (Jeay et al., 2015) . Hdm2 (amino acid residues 2-188) tagged with a C-terminal biotin moiety was bound to streptavidin labelled with europium serving as the donor fluorophore. A p53-derived peptide (amino acids 18-26 of p53: TFSDLWKLL) was labelled with Cy5 as the acceptor fluorophore. IC 50 values calculated by curve fitting are means ± SDs of at least three independent experiments.
Cell culture
SJSA-1, HeLa and HEK293 were obtained from the American Type Culture Collection (USA). SJSA-1, a human osteosarcoma cell line, was cultured in RPMI medium supplemented with 10% fetal calf serum (FCS). HEK293 cells were grown in DMEM High Glucose medium and HeLa cells in McCoy medium or RPMI, all containing 10% FCS.
Confocal microscopy
One day before the experiment, 40 000 HeLa or SJSA-1 cells or 50 000 HEK293 cells were seeded into IBIDI 8-well microscopy chambers (Ibidi, Martinsried, Germany). Peptides were diluted to the indicated concentrations in RPMI +10% FCS. After incubation for 30 min or 24 h, cells were washed twice with medium and then imaged on a Leica SP5 confocal laser scanning microscope with an HCX PL APO 63 × N.A. 1.2 water immersion objective. During image acquisition, cells were maintained at 37°C. Fluorescein was excited using the 488 laser line of the argon laser, and emitted light was detected between 500 and 550 nm.
Quantitative imaging cytometry
For quantitative imaging cytometry, SJSA-1 or HeLa cells were treated with 5, 10 or 20 μM of the unlabelled peptides and the CF peptides CF1a and CF2a added directly from a 10 mM DMSO stock solution with the HP Digital D300 Dispenser (Hewlett-Packard, Palo Alto, CA, USA) in 96-well plates suitable for imaging. After 24 h, the medium was removed. Next, the cells were washed once with PBS and fixed for 15 min at room temperature by addition of 100 μL of a 3.5% formaldehyde solution diluted freshly from the 37% stock solution with PBS. After two washing steps with PBS, cell The cyclization between i and i + 7 of the two α-methyl, α-alkenyl amino acids R8 and S5 (R and S optical isomers respectively) is indicated by an asterisk. cis and trans relate to the orientation of the olefinic bond in the staple. Cba, cyclobutyl-Ala; 6-ClW: L-6-chloro-Trp.
membranes were permeabilized by a 10 min incubation at room temperature with PBS containing 0.25% Triton X-100. Next, the plates were washed once with Tris-buffered saline (TBS) supplemented with 0.05% Tween-20 (TBS/T). To block non-specific sites, we incubated the cells for 2 h at room temperature with 100 μL of blocking buffer consisting of PBS supplemented with 2% goat serum and 5% albumin. Subsequently, the cells were treated for 2 h at room temperature with 50 μL of anti-Hdm2 rabbit monoclonal antibody diluted to 0.5 mg·mL À1 in blocking buffer. After five washing steps using TBS/T, cells were labelled by incubation with 50 μL blocking buffer containing 0.1 mg·mL À1 goat anti-mouse IgG (H + L) antibody labelled with Alexa-647 and 10 μM of the nuclear DNA staining dye DAPI. The plates were incubated for 60 min at room temperature in the dark and washed again five times with TBS/T and twice with PBS. Finally, 100 μL of PBS was added and the plates were sealed with a plastic foil. High-content analysis was performed on the iCyte platform (Thorlabs, Newton, NJ, USA) equipped with a 488 nm Argon and a 633 nm HeNe laser and a 405 nm diode. A 40-fold magnification was used with a stage resolution of 0.5 μm to ensure high spatial resolution imaging. Event segmentation was based on the nuclear DAPI signal. This first segmentation identifies nuclei and is used as the boundary for all feature collections and calculations of the peptides and the pharmacodynamics (PD) marker. To avoid spectral bleeding and increase the specificity of the signals, a multipass scanning approach was used. The green fluorescent signal was acquired using a 515-545 nm bandpass filter, and the red fluorescence signal was measured using a LongRed-650 LP long pass filter. Both lasers were used at a fixed laser power. For each condition, at least 350 to 500 events were acquired and the integrated fluorescent signals in the nuclear boundaries quantified.
Data and statistical analysis
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . For analysis of highcontent data, the number of Hdm2-positive cells was calculated from the mean values ±3 SD of the nuclear integrated red fluorescence signals determined in DMSO control cells. Data represent at least 600 events derived from two independent experiments.
Blinding and randomization
Experiments were conducted without blinding and randomization. For the analysis of peptide uptake and distribution by confocal microscopy, conclusions could be reached without risk of user bias. Determinations of biological activity using biochemical assays and high-content screening occurred in an automated fashion using standardized procedures, again not leaving room for user bias.
Materials
Amino acids, reagents and solvents not specified were purchased from Bachem or Aldrich, Switzerland. DMA and NMP were from ABCR, Germany. 4-Methylpiperidine used for Fmoc cleavage was obtained from Fluorochem, UK. HCTU and Fmoc-β-cyclobutyl-alanine were provided by Chem- 
Results
Peptide synthesis
To assess the effects of helix stapling on biological activity, we selected two previously published Hdm2-binding peptides (Figure 1 ). Sequences 1a and 2a (Table 1) were published as smTide-02A (Brown et al., 2013) and ATPS-7041 (Chang et al., 2013) respectively. However, these publications did not indicate whether stapled peptides were of e-or zconfiguration for the olefinic bond, even though the formation of both isomers had been noted before (Schafmeister et al., 2000) . Here, we also included the linear counterparts and CF-labelled peptides as indicated in Table 1 .
A more sophisticated solid-phase protocol had to be used to obtain crude peptides of sufficient purity for stapling. Special conditions using double and triple couplings were mandatory, as indicated for peptide 1 analysed after olefin metathesis in Figure 2 . The stapling reaction is critically influenced by the sequence, the stability of the catalyst and environmental factors as, for example, the presence of oxygen. In agreement with previous observations, the stapling resulted in a mixture of isomers, which could be separated for the cases of peptide 1 and 2. The ratio between cis-and trans-products could be influenced to some extent by performing the reaction in solution or on the solid phase (Figure 2 ). The identity of the products was confirmed by NMR spectroscopy. Interestingly, stapling of peptide 1 on the solid phase resulted in a lower yield and more by-products than that of peptide 2. The proximity of the C-terminal S5 building block to the linker and/or the resin for peptide 1 may explain these findings. In the case of the more convenient solid-phase stapling, the cis-product was dominant and could be separated better by preparative HPLC. For these reasons, and because of the negligible difference in the biochemical assay (see below), we decided to preferentially carry out experiments using the acetylated or CF-labelled z-isomers. After purification, the purity of all peptides was confirmed by HPLC and the identity by mass spectrometry (Supporting Information Figures S1-S10 and Table S1 ).
Biochemical assay
We determined the IC 50 values for the individual peptides using a TR-FRET assay (Jeay, et al., 2015) . All peptides, including the linear molecules, had sub-nanomolar affinity for Hdm2 (Table 2 ). The IC 50 values of the linear versions were approximately three times higher. For comparison, Nutlin-3a was included in this set to demonstrate the high affinity of the peptides. For the Hdm2 interactions, the staple is thought to contribute to some extent to binding, as has been described for the very similar interaction of peptide 2a with Hdm4 (Chang et al., 2013) . It has also been described before that, in comparison with the unmodified peptides, insertion of the two α-methylated R8 and S5 building blocks promotes an α-helical preorganization of the peptide, which by itself is sufficient to reduce the entropic penalty (Kim and Verdine, 2009 ). There was only a small difference in activity between the cis-and trans-isomers. Due to interference with the TR-FRET assay, IC 50 values for the CF peptides could not be determined.
Cellular assay
The cellular activity of the peptides was assessed by determining the induction and localization of the specific PD marker Hdm2 (Table 3) . We used the osteosarcoma cell Figure 1 Structures of cis regioisomers of stapled peptides 1a (Brown et al., 2013) and 2a (Chang et al., 2013) . Nutlin-3a -8.0 ± 1.5
line SJSA-1, as this cell line is p53 dependent and represents the standard cellular system to evaluate inhibitors of the p53/Hdm2 interaction. Disruption of the interaction of Hdm2 and p53 leads to an increase in Hdm2 protein levels, which can be measured by high-content single-cell analysis using a specific antibody against the protein. Following this approach, we found that the isomeric pairs of the longer and shorter stapled peptides showed comparable levels of induced PD marker. In all cases, this induction was highly concentration-dependent but was significantly lower for the shorter CF peptides compared with the longer derivatives.
For comparison, we also tested the linear peptides and found a threefold to fourfold increased signal over background for the longer peptide 4 and a weaker staining for peptide 3.
Neither linear peptide showed concentration-dependent activity. Interestingly, the longer stapled peptides 2a and 2b showed significantly higher activity than the corresponding shorter sequences, which was not reflected in the biochemical binding experiments. We were therefore interested to determine how much the peptides differed in their cellular uptake and targeting. Because of their better synthetic accessibility, we focused on the cis-peptides and their linear counterparts.
Comparison of uptake efficiencies and subcellular localization
CF was coupled to the N-terminus of the peptides as a fluorescent label to compare cellular uptake efficiencies and to follow intracellular trafficking. The cell lines SJSA-1, HEK293 and HeLa cells were used for these experiments. HEK293 and HeLa cells are routinely used for CPP uptake studies and therefore provided a good reference point. We investigated uptake at peptide concentrations of 5 and 20 μM and after 30 min and 24 h. The two concentrations were chosen because in HeLa cells, at 5 μM, R9 is taken up by endocytosis, while at 20 μM, the peptide activates a rapid and non-endocytic cytosolic uptake mechanism (Duchardt et al., 2007; Verdurmen et al., 2010) . While the short 30 min incubation provides information on the capacity of the peptides to induce uptake, the long incubation period also captures differences in cellular retention and subcellular accumulation. Due to the resistance against proteolytic cleavage, stapled peptides have an advantage over linear sequences that only consist of natural amino acids (Wallbrecher et al., 2014) . In particular, we were interested to compare the stapled peptides with R9, in terms of cytosolic delivery. After 30 min, R9 at 5 μM showed vesicular staining in all three cell lines, as well as some homogenous cytosolic fluorescence in HEK293 and SJSA-1 cells. Using the same settings as for R9 at 5 μM, fluorescence of the stapled peptide was barely detectable ( Figure S11 ). For R9 at 20 μM, all three cell lines showed a homogenous and intense cytoplasmic and nuclear staining (Figure 3 ). For the other peptides, we observed a punctate distribution of fluorescence in all three cell lines, although much weaker than for R9.
After 24 h, striking differences in the subcellular localization of the peptides were observed (Figure 4) . In HEK293 and HeLa cells at 20 μM, fluorescence of the stapled peptide was distributed throughout the cell with little staining of the nucleus and only some punctuate fluorescence. Again, the uptake of the linear analogues was weaker than that of the stapled ones. Remarkably, in SJSA-1 cells, the stapled peptides showed a strong accumulation in the nucleus, excluding the nucleoli. This was more prominent for the longer version CF2a. Also the linear counterparts showed a weak nuclear staining at 20 μM; however, the punctuate fluorescence was most prominent. There were no qualitative differences between the distribution of the peptides at concentrations of 5 and 20 μM ( Figure S12 ). We did not perform an explicit toxicity assay, as there were no indications of cell damage, even for 20 μM after 24 h.
Correlation of CF peptide localization with induced target expression
Finally, we were interested to learn whether the differences in subcellular localization of the fluorescently labelled peptides in HeLa and SJSA-1 cells correlated with the presence of the target. Cells were incubated with the fluorescein-labelled CF2a peptide for 24 h, followed by fixation and staining with an antibody against the PD marker Hdm2. In both SJSA-1 and HeLa cells, peptide uptake was concentration dependent (Figure 5 A) . However, in SJSA-1 cells, uptake exceeded that in HeLa cells by up to one order of magnitude. Peptide uptake showed a strong positive correlation with the presence of the target in both the cytoplasm and nucleus ( Figure 5B ). In addition, the fluorescence micrographs support the idea that the nuclear localization of the peptide coincides with the presence of the target (Supporting Information Figures S13,  S14 ). These data indicate that the cytoplasmic and nuclear accumulation of the peptide is not an intrinsic characteristic of the stapled peptide. Instead, it is caused by the capture and retention of peptide due to interaction with the target. In-line with this hypothesis, CF1a, which interacted more weakly with Hdm2, also showed less retention inside the cells (Supporting Information Figure S15 ).
Discussion
Optimized synthesis protocols and preparative HPLC provided highly pure stapled peptide regioisomers. The olefin metathesis yielded both the cis-and trans-stereoisomers, an observation that had not been stated in previous publications on the biological activity of these peptides (Brown et al., 2013; Chang et al., 2013) . Therefore, we assume that these previous publications referred to a mixture of both stereoisomers. As shown by our biochemical assays, the stereoisomers showed only little difference in activity. We did not aim to optimize the reaction conditions to selectively prepare a specific derivative of the peptides used in this study. However, the strong sequence dependence of the olefin metathesis, in particular for solid-phase stapling, indicates that if this had been the aim, an individual optimization had been required.
In the biochemical assay, the stapling improved target recognition. However, an enhancement by a factor of only three in both, the biochemical and cellular assays was less than expected. This can be explained by a helical preorganization of the linear peptide due to the presence of two α-methylated building blocks, which are known to promote this conformation. The comparison of the cellular uptake of the stapled peptides with that of CPP R9 led to some interesting findings. In all tested cell lines, R9 showed more efficient uptake than the stapled peptides after 30 min incubation. In addition, only R9 had the capacity to induce rapid cytosolic entry at higher peptide concentrations, while the stapled peptides and their linear counterparts were restricted to punctate endo-lysosomal staining. In contrast, after 24 h, the cellular uptake for the stapled peptides exceeded that of R9. This more effective intracellular retention is in agreement with what we had observed for bicyclic CPPs. In the case of short incubation times, uptake of R9 was also more effective than of cyclic peptides, while over long incubation times, the latter outperformed R9 (Wallbrecher et al., 2014) . As R9 is proteolytically rather unstable, the enhanced long-term accumulation of the stapled peptides is therefore most likely attributable to their higher proteolytic stability. All uptake experiments were conducted in the presence of serum, refuting earlier claims that entry of stapled peptides depends on disruption of membrane integrity in serum-free conditions (Li et al., 2014) .
Interestingly, the stapled peptides (especially CF2a) showed a unique association with intracellular membranes in HEK293 and HeLa cells after 24 h incubation, which we have not observed for any other fluorescein-labelled peptide Figure 3 Intracellular distribution of stapled and linear peptides after 30 min incubation. Cells were incubated with 20 μM of the labelled peptides CF1a, CF3, CF2a and CF4 in RPMI +10% FCS and washed, and confocal images were recorded. R9 was used as a control CPP. Except for the R9 panels on the right, the brightness and contrast were enhanced to better visualize the peptides. The figure shows one representative experiment of two independent repetitions. before. Therefore, it is also very unlikely that this distribution is a consequence of the fluorophore. Even though we did not attempt to identify the subcellular compartment in detail, the observed pattern suggests a staining of the endoplasmic reticulum, possibly mediated through the hydrophobic staple. In support of this hypothesis, the linear peptide showed a more vesicular staining pattern in HeLa cells.
In SJSA-1 cells, an accumulation of nuclear fluorescence was observed only for the stapled peptides. The colocalization study confirmed the induction and nuclear localization of Hdm2, which is entirely compatible with this experimental finding. This result can best be explained by the p53/Hdm2 dependence of this cell line. The cytoplasmic and nuclear localization is therefore not an intrinsic characteristic of the stapled peptides but rather reflects retention through target binding. This interpretation is further supported by the fact that, in SJSA-1 cells, the linear peptides also showed some Figure 5 Correlation of peptide uptake with Hdm2 expression. After treatment of SJSA-1 and HeLa cells using the indicated concentrations of the CFlabelled CF2a peptide for 24 h, the cells were washed twice, fixed and stained with a specific antibody against the PD marker Hdm2 linked with a red fluorescent label. (A) Dose dependence of peptide uptake and (B) correlation of peptide uptake and Hdm2 expression. The figure shows the result of one representative experiment.
Figure 4
Intracellular distribution of peptides after a 24 h incubation. Cells were incubated with 20 μM of the CF-labelled peptides in RPMI +10% FCS and washed and confocal images were recorded. R9 was used as a control CPP. The figure shows one representative experiment of three independent repetitions. homogenous nuclear fluorescence, which was not observed in HeLa or HEK293 cells.
Overall, the analysis of the time-dependent changes in subcellular localization across the cell lines suggests a model in which the stapled peptides enter the cells by endocytosis. However, the entry of the stapled peptides is much less efficient than the uptake of nona-arginine. Leakage out of the endosomes and accumulation inside the cytosol allows the association of the intact peptide with its target, and this is more pronounced for the stapled version. A similar relocalization of a stapled peptide from vesicles at a 4 h time pointing to a mitochondrial association at 24 h has already been described (Walensky et al., 2004) .
While this manuscript was in preparation, Walensky et al. published a systematic analysis of biophysical determinants governing the uptake of stapled peptides (Bird et al., 2016) . Using HPLC, the authors identified an optimum range of hydrophobicity for high uptake and low toxicity. In addition, the staple should ideally be placed at the amphipathic boundary, a condition which is met for the stapled peptides that we studied. It would be interesting to investigate to what extent variation of these characteristics also affects intracellular targeting and trafficking.
To conclude, our findings on the rather inefficient cellular uptake have important implications for the further clinical development of stapled peptides. The peptides need to be kept in circulation long enough to enable sufficient cellular entry. Due to their enlarged hydrophobic surface area, there should be sufficient plasma protein binding to fulfil this requirement. Given the high potency of the stapled peptides used for this study, cytoplasmic delivery represents the major challenge for further improvements. Therefore, future studies on stapled peptides should focus on a better understanding of the factors that promote cellular uptake and endosomal release. The higher intracellular activity of peptide CF2a compared with that of CF1a, demonstrates that such differences exist. Both peptides showed almost identical in vitro binding potency but behaved quite differently with respect to activity in the cellular assay, by about a factor of 10 at 5 μM. Figure S15 Colocalization of the labeled peptide CF1a with the PD marker Hdm2. After treatment of SJSA1 cells for 24 h with the carboxyfluorescein-labeled peptide at the indicated concentrations, the cells were fixed and stained with a specific antibody against the PD marker Hdm2 linked with a red fluorescent label. Table S1 Calculated and observed masses for the investigated peptides. The supporting information provides fifteen figures providing HPLC traces and mass spectrometry spectra of the peptides, fluorescence micrographs demonstrating the peptide uptake at 5 μM after 30 min ( Figure S11 ) and 24 h ( Figure S12 ), and shows sample data for the high content screening for SJSA-1 ( Figure S13 , Figure S15 ) and HeLa cells ( Figure S14 ).
